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Background of the Invention 

[0001] 1 . Field of the Invention: The present invention relates to semiconductor circuit 
boards and, more particularly, to a system and method for calculating material density 
variations in multi-layer printed circuit boards. 

[0002] 2. General Background: Material, such as copper, density variation analysis is 
performed in the semiconductor industry as a metric for determining manufactured 
semiconductor board quality. Calculating the density variations for designing the printed 
circuit board is often required in the manufacturing process to assess manufacturing 
defects. Specifically, larger the variation in material density the more likely the board 
will exhibit mechanical and thermal defects. Thus, the density variation analysis is used 
for the purpose of making copper pattern density substantially uniform across the board. 
[0003] One mechanism to determine material density variation is through the use of 
ultra-violet light and glass based system 1 as shown in FIG. 1. Shown therein, is a 
bottom and top glass exposure layers 2 and 4 respectively. Sandwiched between these 
layers are a top and a bottom photo-tool layers 6 and 8 respectively. The photo-tool 
layers 6 and 8 are brought in contact with the multi-layer printed circuit board 10 having 
material (e.g., copper) variations, generally depicted as 12 and 14. An ultra-violet light 
is transmitted from one end 16 towards a sheet of material (not shown) positioned at 
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another end 18. The interference pattern observed on the sheet material provides 
feedback means for identifying material variations on the printed circuit board. 
However, there are several disadvantages with this system including, (i) the system 
being expensive, (ii) the need for contacting the multi-layer printed circuit board with the 
photo-tools/exposure glass system thereby increasing the likelihood of damaging the 
circuit board. 

[0004] Density variation analysis is useful for determining other important scalar 
properties, for example, defect susceptibility, power dissipation, etc. for purposes of 
modeling and/or correction for these properties. The density variation analysis also is 
used to estimate yield loss due to densities that are too low or too high in layers of the 
design. The density variation analysis may be used to evaluate non-uniformities in 
height across the circuit board due to variations in density. Density analysis may be 
anywhere from about 10% to about 50% for standard designs. 

[0005] Therefore, a need exists for an efficient and cost-effective method for 
determining density variations of the material in a printed circuit board. 

Summary of the Invention 

[0006] The present invention is a method for determining material density variations in 
a multi-layer printed circuit board (PCB), in three directions (viz., along x, y, and z axis), 
thereby allowing defects in the board to be predicted. 

[0007] In one embodiment of the present invention, The material (e.g., copper) layers 
of the PCB design are aligned using a software program in a computer system. A 
variable rectangular grid system is "virtually" created as a reference tool over the entire 
area of the PCB using the outermost edges of the PCB or panelized PCB. Each layer 
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of the multi-layer is analyzed for the total square area of the material present within 
each grid element on that layer (the grid size may be variable). The area of material 
present for each layer grid element is added to together for all layers to form the total 
amount of material within that PCB grid element. This is completed for all grid elements 
covering the entire PCB. The average amount of material over all grid elements is 
determined, and the amount of copper per PCB grid element is then compared to the 
determined average and a numerical value is assigned to that grid element which 
represents the percentage of copper within that grid element. Doing this for all grid 
elements, the invention is able to generate a contour map, depicting material density 
variations, for determining density variations and subsequent defect prediction. 
[0008] Clearly, analyzing relative density variations of the complete (i.e., all three axis) 
PCB design prior to manufacturing, using a computer software approach, provides a 
scientific view of the PCB circuit density patterns and variations prior to manufacturing. 
This information may then be used to adjust either the PCB design or PCB 
manufacturing process to eliminate or substantially minimize defects in the PCB. 
[0009] In another embodiment of the present invention, the method for determining the 
density variations of a material on a multi-layer printed circuit board comprises:(i) 
forming a grid system on each layer in the multi-layer printed circuit board;(ii) 
determining the area occupied by the material in each grid element, of the grid system, 
on each of the layers in the multi-layer printed circuit board; and (iii) computing a 
measure of the density from the area of the material, in each grid element, on the multi- 
layer printed circuit board. Furthermore, there could be several ways of determining the 
measure of density in the X, Y, and Z direction. One aspect of the invention, for 
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determining the measure of density in the X, Y, and Z direction, could use the steps of: 
(a) adding the area occupied by the material in the each grid element in neighbor layers 
to obtain a sum area for said grid element, said each grid element having the same 
coordinates in all the layers; and (b) determining an average of the sum area over all 
grid elements; and (c) dividing the sum area for the each grid element with the average 
of the sum area to compute the measure of the density of the material for said grid. The 
material, for which the density is determined, may be copper found on PCB's or any 
other material used in semiconductor devices. Additionally, the grid elements may be 
rectangular, circular, or any other polygonal shape, or any combination of these. 
Furthermore the method may be used to predict a defect in the PCB from the measure 
of the density of the material. Also, a contour map may be generated showing the 
variation in the measure of the density of the material on the multi-layer printed circuit 
board. 

[0010] In another embodiment of the present invention, a method for predicting a 
defect on a multi-layer printed circuit board comprises: (i) forming a grid system on each 
layer in the multi-layer printed circuit board; (ii) determining the area occupied by the 
material in each grid element, of the grid system, on each of the layers in the multi-layer 
printed circuit board; (iii) computing a measure of the density from the area of the 
material, in each grid element, on the multi-layer printed circuit board; (iv) predicting a 
defect in the multi-layer printed circuit board from the measure of the density of the 
material. Furthermore, there could be several ways of determining the measure of 
density in the X, Y, and Z direction. One aspect of the invention, for determining the 
measure of density in the X, Y, and Z direction, could use the steps of: (a) adding the 



Matter No. 47406-010700 

area occupied by the material in the each grid element in neighbor layers to obtain a 
sum area for said grid element, said each grid element having the same co-ordinates in 
all the layers; (b) determining an average of the sum area over all grid elements; and (c) 
dividing the sum area for the each grid element with the average of the sum area to 
compute the measure of the density of the material for said grid. 
Brief Description of the Drawings 

[0011] In order that the manner in which the above-recited advantages and objects of 
the invention are attained, as well as others which will become apparent, more 
particular description of the invention briefly summarized above may be had by 
reference to the specific embodiments thereof that are illustrated in the appended 
drawings. It is to be understood, however, that the appended drawings illustrate only 
typical embodiments of the invention and are therefore not to be considered limiting of 
its scope, for the invention may admit to other equally effective embodiments. 
[0012] In the drawings: 

[0013] FIG. 1 is a prior art system that is used for detecting density variations on a 
printed circuit board (PCB); 

[0014] FIG. 2 is a depiction of a grid formation system, for a multi-layer PCB, 
according to one aspect of the present invention; 

[0015] FIG. 3 is a flow chart for determining density variations in the X, Y, and Z 
directions of a multi-layer PCB; 

[0016] FIG. 4 is a flow chart for predicting defects from the density variations in the X, 
Y, and Z directions on a multi-layer PCB; 

[0017] FIG. 5 is a contour map of a 14.4" x 10.97" PCB, clearly identifying the 
variations in the material density; 
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[001 8] FIG. 6 shows a cross-sectional view of all of the layers within the PCB (along X, 
Y and Z axis) and assigns them to a grid to determine the finished board material 
density; 

[0019] FIG. 7 is an exemplary view of a report identifying the amount of material (viz., 
copper) within each grid of the PCB; 

[0020] FIG. 8 shows an exemplary chart for computing the density of the material in a 
multi-layer PCB; 

[0021] FIG. 9 shows an exemplary view of the grid data showing the percentage of 
material (viz., copper) relative to the average (100%). 
Detailed Description of the Invention 

[0022] Referring now in detail and by reference characters to the drawings (FIGs. 2-9), 
which illustrate several different embodiments of the present invention, therein shown is 
a methodology for determining material density in the X, Y, and Z axis of a printed 
circuit board (PCB). Specifically, a virtual grid system is created for the PCB, and the 
amount of material in each grid element, over all layers, of the PCB is determined. Data 
collected, on the amount of material, is used to determine the material density on the 
PCB, thereby allowing the visualization of thickness variations of the material on the 
PCB. Furthermore, defects on the PCB can be predicted by determining appropriate 
threshold for density variations on the PCB. 

[0023] FIG. 2 shows an exemplary depiction of a virtual grid system 20, formed on a 
PCB 22, that includes a set of grid elements 24 and grid co-ordinates 26 (e.g., the X co- 
ordinate of a grid element could be Q and Y co-ordinate could be 15) that identify each 
grid element 24 on the top layer of PCB 22. In this example, each of the grid elements 
24 is rectangular in shape, but it could be of any other appropriate polygonal shape. 



Matter No. 47406-010700 

The Z co-ordinate, thought not shown here in this two dimensional view, but will be 
apparent in FIG. 6, is also used to identify grid elements in lower layers of the PCB. 
[0024] The amount of material (e.g., copper) in each of the grid elements 24 may be 
determined by an appropriate software. For example, Valor Enterprise 3000, available 
from Valor Computerized Systems Ltd., was used as the "Copper/Exposed 
Measurement" tool for measuring the amount of copper in all grid elements 24 in all of 
the layers within a PCB. 

[0025] FIG. 3 is a flow chart for determining density variations in the X, Y, and Z 
directions of a multi-layer PCB. In the first step 30, the virtual grid system is created to 
identify the grid elements in all layers of the multi-layer PCB. The amount of material in 
each grid element (i,j) in layer k is then determined as shown by block 32. For example, 
in the grid system of FIG. 2, grid(ij) in layer 1 could represent the grid element with 
coordinates i=Q and j=15 in layer 1. The determination of the amount of material in all 
of the grids in all layers is completed, before determining the total amount of material (or 
area occupied by material) in each grid for all layers (shown as block 34). For example, 
the amount of material (as indicated by the area occupied by the material) in grid 
element i=Q and j=15 is added over all layers k=1 though N. Specifically, 

N 

[0026] total _ amountii, j) = ^ amount{i, j\ k) (1) 

[0027] where, amount(i j,k) is the area occupied by the material in grid element (i,j) in 
layer k, and total_amount represents the total occupied area of the material in grid 
element (ij) summed over all layers k=1 ,...,N. 

[0028] In the subsequent step (shown as block 36), the average Gavg, of the area 
occupied by the material, is found over all grid elements using, 
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[0029] Gavg = X Z total - amount (^ J) ( 2 ) 



[0030] In the last step (depicted by block 38), the density of the material, dm(i,j), in grid 
element (ij) may be determined by using Gavg and total_amount(i,j) in some functional 
form F(.,). For example, in one aspect of the invention, F(.,.) could be the division 
operator, where 

[0031] dm(i,j) = t0tal - am ° UntiiJ) (3) 

Gavg 

[0032] FIG. 4 is a flow chart for predicting defects, from the density variations in the X, 
Y, and Z directions, on a multi-layer PCB. This prediction (as depicted by the block 40) 
may be done, in one aspect of the invention, by observing if dm(ij) is greater than or 
less than a predetermined threshold(ij). By generating a histogram, for the number of 
dm(i.j)'s that are greater than the predetermined threshold(ij), it may be possible to 
predict with a certain probability whether there will be a defect in the manufactured 
PCB. In addition, a contour map (depicted as block 42) showing the material density 
variations (and thickness variations of the material) may be generated as a visualization 
tool. 

[0033] FIG. 5 is a contour map of a 14.4" x 10.97" PCB, clearly showing the variations 
in the material density in the X, Y, and Z directions for visualization purposes. The 
variation in material (e.g., copper) density clearly impacts two fundamental 
characteristics of the finished PCB - mechanical (thickness) and thermal (temperature). 
While the thickness of the PCB is a measurable requirement to most stated 
specifications, the thermal variations play a part in both PCB manufacturing as well a 
PCB assembly. There are other variables that may impact mechanical variation within 
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the PCB manufacturing process. Some of these include b-stage type, lamination press 
cycle, and type of separator plates CAC (copper-aluminum-copper), stainless steel, etc. 
These variables can in some cases overcome small variations in density variation but 
only to a certain point. Thickness variation stems from fundamentally one 
characteristic, the design of the copper or material layers on the PCB. The majority of 
the parts produced are relatively equally distributed and don't cause an issue that would 
alarm an operator or cause significant yield loss. However as new layers are 
continuously added, the amount of variation within the copper distribution becomes 
more and more critical to manufacturing a PCB with consistent thickness. 
[0034] The root cause of thickness variation is unbalanced copper. Some areas within 
a PCB are very dense with copper and others have little or no copper when viewed 
through the board in the z-axis. This is what causes variation in panel thickness. How 
much variation is determined by the following characteristics, assumes that all things 
are equal in the PCB manufacturing process: (i) distance from a low density area to a 
high density area, (ii) amount of variation from a low density area to a high density 
areas. The final analysis computes the slope (delta) between low and high copper 
density areas. 

[0035] FIG. 6 shows a cross-sectional view of the layers 60, 62, 64 within the PCB 
(along Y and Z axis) and assigns them to a grid to determine the finished board material 
density. All of the PCB layers are analyzed for density determination and subsequent 
prediction for defects. The analysis takes into account all of the layers within the 
structure (i.e., in the X, Y and Z axis) and assigns them to a grid to fully depict the 
finished board material density. The figure shows low material density areas which 
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translates to a thinner material presence, and a high density area which corresponds to 
a thicker material presence. 

[0036] FIG. 7 is an exemplary view of a report identifying the amount of material (viz., 
copper) within each grid of the PCB each layer that was analyzed. The report, 
identifying the amount of copper within each grid, may be output to a statistical data 
analysis package (e.g., Microsoft EXCEL, SAS, etc.) for data analysis and for 
generating the contour map depicting the material density variation on the multi-layer 
PCB. 

[0037] FIG. 8 shows an exemplary chart for computing the density of the material in a 
multi-layer PCB. Specifically, each number in the chart corresponds to the total amount 
of copper in a grid element on a given layer. The grid element label is shown along the 
vertical axis and the layer label is shown along the horizontal axis. The total copper in 
grid (over all layers) column shows the result obtained by using equation (1). The 
average amount of copper in the PCB, also shown in the cart, is computed using 
equation (2). The column showing the percentage of the average (or the density of the 
material in each grid element) is computed by using equation (3). 
[0038] FIG. 9 shows the same data of FIG. 8, indicating material density in each grid 
element, in a matrix format. This view allows easy visualization of the material density 
in each grid element of the multi-layer PCB. 

[0039] There are several advantages on using the method of the present invention for 
determining material density variations. These include: (i) yield improvement (viz., 
reduction of opens or off contact printing); (ii) potential capability to reduce TDR 
tolerance below 10% as a standard; (iii) operational cost reductions based on improved 
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knowledge of when alternative process methods are required (viz., CAC/SS and glass 
vs mylar to offset variations that are not able to be improved based on customer 
requirements); (iv) improved solder-mask thickness distribution and associated yield; (v) 
improved lamination process control (i.e., by targeting high, medium and low density 
areas for thermocouple analysis); (vi) improved solder paste thickness consistency and 
placement accuracy; (vii) reduction in bow and twist; (viii) baseline data that can fed into 
PCB thermal analysis and profiling; (ix) on time shipment improvement due to reduced 
scrap for variation related defects; (x) raw data to support requests to add thieving to 
inner layers will increase the acceptance from the OEM (design improvement). 
[0040] While the specification describes particular embodiments of the present 
invention, those of ordinary skill can devise variations of the present invention without 
departing from the inventive concept. For example, the grid elements may be of 
arbitrary polygonal shape, alternative equations (e.g., standard deviation) may be used 
to compute material density variations on the multi-layer PCB. 
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